allow the time course of both endocytosis and exocytosis to be determined at individually visualized boutons. What makes this possible is that FM dyes are water soluble but partition preferentially into lipid membranes, and once there fluoresce intensely. In the presence of Alan R. Kay shown that it is possible to image synaptic activity in a nonspecific adsorption resulting in elevated backrange of organisms, namely, the nematode C. elegans, a ground levels has precluded its use in certain tissues, powerful model organism for genetic and developmental notably brain slices. We have found that a sulfobutystudies that has proved difficult to probe with electrolated derivative of ␤-cyclodextrin (ADVASEP-7) has a physiological methods; the lamprey, an organism with higher affinity for FM1-43 than the plasma membrane. a unique flat spinal cord with particularly large axons; ADVASEP-7 was used as a carrier to remove FM1-43 and rat brain slices, which have been used extensively nonspecifically bound to the outer leaflet of the plasma in cellular neurobiology. membrane or extracellular molecules, significantly reducing background staining. This has enabled us to Results visualize synaptic vesicle recycling in the nematode C. elegans, intact lamprey spinal cord, and rat brain Cyclodextrins Have a High Affinity for FM1-43 slices.
cating that the movement of FM1-43 from liposomes to 6.4% (492.6 nm) for hydroxybutyl cyclodextrin, 1.8% ADVASEP-7 is almost complete. The movement is also (485.6 nm) for ␤-cyclodextrin. rapid, being completed within the mixing time of the appaThe effective affinity of ADVASEP-7 for FM1-43 was ratus (Ͻ2 s; data not shown). The attraction between the measured by titrating 1 M FM1-43 with different concharged groups on FM1-43 (2ϩ) and ADVASEP-7 (avercentrations of the cyclodextrin or liposomes. The titraage of 7Ϫ) may speed the formation of an inclusion tion was performed with the lipid rather than the probe complex.
to prevent errors resulting from self-quenching. The data It is worth noting that the increase in fluorescence was well fitted by a single binding site, with a dissociaof dyes such as FM1-43 in hydrophobic environments tion constant of 1.8 Ϯ 0.1 M (n ϭ 3) for ADVASEP-7 results from three effects on the fluorophore: the seand 100 Ϯ 9 M (n ϭ 3) for 1,2-dioleoyl-sn-glyceroquestration from quenchers like oxygen, a decrease in 3-phosphocholine ( Figure 1b) . In calculating the latter the intramolecular rotation, and exposure to a less polar dissociation constant, we assumed that FM1-43 could environment (Lakowicz, 1983) . All serve to diminish the only bind to the outer lipid monolayer (assumed to be probability of a nonradiative transition from the excited 60%), which is consistent with our demonstration below state.
that FM1-43 does not flip-flop across membranes. Our Of the cyclodextrins tested, ADVASEP-7 (Tait et al., calculated dissociation constant was close to that mea-1992) proved to be the most effective carrier of FM1-43 sured for FM1-43 and 1-palmitoyl-2-oleoyl-sn-glyceroas judged by the intensity of fluorescence of the inclu-3-phosphocholine by high-sensitivity isothermal titrasion complex. The peak amplitudes of the excitation tion calorimetry: 91 M at 23ЊC (Schote and Seelig, spectrum as a percentage of that of FM1-43 (2 M) in 1998). The dissociation constant for ␥-cyclodextrin was ADVASEP-7 were (peak excitation wavelength in brackfound by titrating ADVASEP-7 in the presence of 1 mM ets, all cyclodextrins 2 mM): 20.3% (490.6 nm) for liposomes (6 mM), 12.4% (488.6 nm) for ␥-cyclodextrin, ␥-cyclodextrin, and was ‫2ف‬ mM.
Fractions 5-14 contain mixtures of liposomes and extraliposomal FM1-43 with increasing proportions of the latter, as is evidenced by the increase in the ratio of fluorescence in the presence of ADVASEP-7 to that in its absence.
ADVASEP-7 Reduces Background Staining in Rat Brain Slices
The high affinity of ADVASEP-7 suggested to us that it might be able to reduce background staining by FM1-43 by removing the fluorophore from the extracellular surface of the membrane and carrying it out of the tissue. We initially tested this hypothesis on rat brain slices and found that ADVASEP-7 was indeed an effective "clearing" agent. If saline was used to wash FM1-43 from the tissue, high levels of fluorescence remained after 1 hr of washing (Figure 3a) . The slice was not stimulated; nevertheless, FM1-43 application led to the staining of numerous structures. This is what one might term "adventitious" staining, in that it is probably not related ADVASEP-7 had no effect on action potentials elicited An added advantage of ADVASEP-7 is that it was by intracellular current injection in giant axons of the specifically designed to reduce the tendency of cyclolamprey spinal cord (Figure 4b ). dextrins to abstract cholesterol from membranes and Myelinated axons and blood vessels were intensely thus minimize its possible cytotoxicity (Tait et al., 1992). labeled with FM1-43, and ADVASEP-7 was ineffective in Moreover, the seven negative charges on ADVASEP-7 removing the dye, suggesting that FM1-43 is somehow makes it unlikely that it will cross the plasma membrane. . The distinctive morphology of the synaptic element also allows easy identification of the structure in contrast to the rather nondescript puncta of the rest of the nervous system. After ADVASEP-7 clearing of MNTB slices that had been stimulated with high potassium in the presence of FM1-43, crescent-shaped fluorescent profiles were evident, consistent with the known morphology of the calyces of Held. Fluorescent synaptic profiles were not seen in the absence of potassium stimulation. When viewed with Nomarski optics, the crescents were found to be in register with the somata of the principal cells, and in some cases the terminals themselves could be discerned (Figures 3c and 3d) .
Stimulation of the preloaded calyces with high-potassium saline (90 mM) led to a progressive loss of fluorescence intensity. The average fluorescence intensity from a calyx decreased by 20%-73% (mean Ϯ SEM ϭ 47% Ϯ 5% from ten calyces in four slices) of the control, in 1-1.5 min after application of the high potassium solution (Figures 3e, 3f, and 3g). In control experiments where the fluorescence was imaged at the same rate as during the experiments, the intensity declined by Ͻ10% over 2 min (data not shown), suggesting that bleaching or spontaneous activity did not occasion the decline in fluorescence.
C. elegans
The small number of neurons (302) in the adult C. elegans nervous system, for which the complete connectivity is known (White, 1986), the availability of mutants in an array of neuronal proteins, and the knowledge of its complete genomic sequence make it a powerful model system to analyze the function of individual neurons and the gene products they express (Bargmann, 1998; Chalfie and Jorgensen, 1998). Electrophysiological analysis of the individual neurons has been difficult as a result of their small size; however, recent advances have opened C. elegans to electrophysiological techniques (Raizen and Avery, 1994; Goodman et al., 1998; Richmond and Jorgensen, 1999). One major difficulty with the study of membrane recycling in C. elegans is the tough, impermeant cuticle, which keeps the animal under hydrostatic pressure and prevents dyes from permeating into the nervous system. To gain access to the body cavity of C. elegans, we have sliced nematodes embedded in agar. Neurons survive this assault, as we will show below, with their synaptic release apparatus intact.
The disposition of the C. elegans "brain," the circumpharyngeal nerve ring, is diagramed in Figure 5a . Chemical synapses are made en passant between adja- Application of high potassium to cut nematodes prelafluorescence was observed (see above), followed by the elimination of all but localized puncta with diameters beled with FM1-43 induced the decline of fluorescence, consistent with synaptic release (Figures 5b-5e ). The ranging from 1 to 5 m (Figures 6b and 6c) . The washout of ADVASEP-7 reduced considerably the background time course of the decline elicited by high-potassium stimulation is shown in Figure 5e (HiK). In sliced nemafluorescence, and numerous puncta were clearly visible. Stimulation of the giant axon led to the progressive detodes not subjected to high-potassium stimulation after FM1-43 loading, there was little decline in fluorescence staining of the puncta in a stimulus-dependent fashion (Figures 6c and 6d) . The synaptic origins of the puncta (Figure 5e of dye, and ADVASEP-7 was subsequently applied to the superfusate. Projections of confocal sections into two orthogonal planes show multiple puncta nestling equipped with a monochromator (TILL Photonics), a dichroic mirror (510 nm), a long-pass (520 nm) emission filter, and a CCD camera Spectrophotometry and Liposomes (CH250, Photometrics LTD). Excitation light (470/10 nm) was couSpectra were measured on a Hitachi F4500, with emission and excipled to the microscope via a light guide. Images were analyzed tation bandwidths set at 5 nm. The spectral characteristics of FM1-using the NIH image software. 43 were measured in LS saline at 26ЊC.
Transverse slices (400 m) were cut (Vibratome) from the hippoLiposomes were prepared by ultrasonicating (Laboratory Syscampi of male Long-Evans rats (4-6 weeks old) in RA2 solution. tems) 1,2-dioleoyl-sn-glycero-3-phosphocholine (Avanti) at a conExtracellular field potentials were recorded in stratum radiatum of centration of 10 mg/ml in LS saline and used at a concentration of CA1 with glass electrodes using an Axoclamp 2A amplifier. Bipolar 1 mg/ml (1.27 mM).
electrodes were used to stimulate the Schaffer collaterals, and the C. elegans stimulus strength was adjusted to give approximately half-maximal Nematodes (larval stages 1 and 2) from the Bristol strain N2 were field EPSP (fEPSP) amplitude. The slope of the fEPSP was calculated used as the wild-type strain, and a transgenic C. elegans strain between 20% and 80% of the maximal amplitude. expressing an UNC-11::GFP fusion protein (Nonet, 1999) was cultured using standard procedures. Nematodes were embedded in 5% agar (Sigma) and cut into 100 m thick slices (Vibratome). Slices Chemicals The following chemicals were used in the experiments: FM1-43, were sandwiched between a glass slide and a cover slip. Solutions were changed by pipetting the solution in at one end and drawing FM2-10, and FM4-64 (Molecular Probes); ADVASEP-7 (CyDex, Overland Park, KS); ␤-cyclodextrin and ␥-cyclodextrin (Sigma), and hyoff solution at the opposite end with a paper wick. Sliced nematodes were loaded with dye by incubating in CE-HiK saline in the presence droxybutyl cyclodextrin (Tocris).
